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Oligomer of undecylurea (OUA11) thin films with a high crystallinity, surface hardness,
perpendicular orientation, and low dielectric constant were fabricated by physical vapor
deposition. The thin films were composed of single OUA11, which has a relatively high
molecular weight (Mw: 2500, Mn: 1200) and could be vapor-deposited without thermal
decomposition. These films had a much higher crystallinity, and a high surface hardness
level of 9H in the pencil hardness test. The dielectric constant of the OUAI1 films is
estimated to be 2.1-2.3 in the frequency range of 1 Hz to 0.1 MHz, which is lower than that
of typical low dielectric constant (low-k) materials. These physical and electrical properties
are caused by the unique structure with the molecular dipoles oriented parallel to the
electrodes on the substrate and the strong intermolecular hydrogen bonds. The unique
structure could not be observed with spin-coating and is specific to the vapor-deposited
films. We expect that the OUA11 films with a high hardness and a low dielectric constant
can be used not only as protective coatings but also as electronic materials.

KEYWORDS: urea oligomer, vapor-deposited films, dielectric constant, molecular

orientation, hydrogen bonds



INTRODUCTION

Urea materials form durable hydrogen bonds and show interesting material
properties. Polymeric materials that include urea groups, e.g., polyureas, exhibit good
resistance to water, chemicals, and thermal effects [1-3]. Their derivatives have been used
as water-, thermal-, and impact-resistant protective coatings [4—6]. In addition, they have
good piezo-[7,8], pyro-[9—11] and ferro-electric [12,13] properties because of the large
dipole moment of the urea bond (NHC=ONH) (4.9 D) [14], which is more than double that
of the typical ferroelectric polymer, poly(vinylidene fluoride/trifluoroethylene) (2.1 D).
Hence, these materials are expected to be novel and durable organic electronic materials.

Control over the orientation of intermolecular dipoles of polyurea in the films is
necessary for the effective use of the electrical properties. Moreover, it is important for the
polyurea films to be thin so that low applied voltages can be used to align the molecular
dipoles; however, these goals have been quite challenging to achieve [15]. It is difficult to
control the molecular orientation and crystallinity, especially in a wet-process, because of
the large molecular weight and strong hydrogen bonds in polyureas. Our previous studies
reported that the polyurea thin films prepared by a spin-coating method had a low
crystallinity [11,15]. On the other hand, organic thin films have been fabricated by physical
vapor deposition (PVD). PVD can be used to control the molecular orientation and
crystallinity because it has a low contamination and an easily controllable deposition rate.
PVD is a technique to deposit thin films on a substrate by evaporating the source material
under vacuum,; thus, this form of thin films has a good chemical purity without solvent
effects and a voluntary thickness. Several organic thin films and their structural controlling
effects have already been reported by some researchers [16—18]. Aliphatic chain materials
form highly crystalline and oriented thin films, and their characterization is dependent on
the substrate temperature, substrate materials and the deposition rate in the vapor deposition
[19-23]. The relationships between the physical structure and the electrical characteristics
have been shown for aromatic materials [24—27]. These researchers used low molecular

weight materials that can be deposited by vapor deposition, but polymers cannot be



deposited in vacuum without thermal decomposition [28]. It is necessary to optimize the
molecular weight to achieve the chemically pure and highly crystalline thin films.

Therefore, to improve the purity, the crystallinity and the molecular orientation,
oligomer of undecylurea (OUA11) thin films have been prepared by PVD technique with
an optimum molecular weight. The surface hardness and the structural and the dielectric
properties of OUA11 films have been investigated and compared with spin-coated OUA11
films.

EXPERIMENTAL
OUA 11 materials and film preparation

The oligomer of undecylurea (OUA11, Mw: 2500, Mn: 1200) and the
polyundecylurea (PUA11, Mw: 13000, Mn: 7000) consisting of undecylurea were supplied
by Unitika Limited. PUA11 was synthesized from carbon dioxide and [1,11]-
diaminoundecane and had a linear structure with polar urea (NHC=ONH) and alkyl (—
(CH2)n—) components.

The OUATI1 thin film was deposited on plain and Al-coated Si substrates by PVD
technique at 25 °C (where the Al serves as a bottom electrode). The plain Si substrates were
used for X-ray diffraction (XRD) measurement and Fourier transform infrared (FT-IR)
transmission method, and the Al-coated Si substrates were used for FT-IR reflection
absorption spectroscopy (RAS) method and dielectric spectroscopy. The chamber was
initially evacuated to 5 x 10 Pa. According to TG results, at first, the source temperature
was raised to 220 °C. After the evaporation rate reached zero, the source temperature was
increased again to up to 230 °C, and the shutter was open to start the deposition of OUAT1
films. The evaporation rate was maintained within the range of 0.6-1.2 nm/min. The film
thickness was measured to be 500 nm by a controlled quartz-crystal. The melting points of
the vapor-deposited OUA11 films and the powder sample were measured by differential
scanning calorimetry (DSC) to evaluate the thermal decomposition rate. The DSC curves
were measured at a heating rate of 10 °C/min using a Seiko Instruments Inc. EXSTAR
6000 under a normal atmosphere. As a reference sample, OUA11 was dissolved in 4.0 wt%

hexafluoroisopropylalcohol (HFIP) and spin-coated at 2500 rpm for 30 s under N2 at



25 °C. The spin-coated OUAT11 films were annealed at 220 °C for 30 s under a N2
environment and then cooled at a rate of 1.0 °C/min. The thickness of the spin-coated
OUAI11 films were found to be 500—600 nm using a stylus profiler (AMBiOS Technology
XP-200).

Film structure, thermal and electrical measurements

The thermal properties of OUA11 and PUA11 powder samples were measured by
thermogravimetry (TG) at a heating rate of 5 °C/min under a vacuum of 5 x 107} Pa using
custom-designed systems. The melting points of the vapor-deposited OUA11 films and the
powder sample were measured by DSC to evaluate the thermal decomposition rate. The
DSC curves were measured at a heating rate of 10 °C/min using a Seiko Instruments Inc.
EXSTAR 6000 under a normal atmosphere.

The surface morphological properties of vapor-deposited and spin-coated OUAT1
films were measured by an atomic force microscope (AFM) (JOEL JSPM-5200) in a
tapping mode; the scanning area is 5 X 5 um, and the scan speed is 1.0 ms/point. Si
cantilevers (Olympus) with resonant frequencies of ~300 kHz and spring constants of ~42
N/m were used. The structural analysis was performed by out-of-plane XRD patterns on a
Rigaku Ultima IV Protectus instrument operated at 40 kV and 40 mA with Cu-Ka
radiation. The FT-IR transmission and RAS spectra were also measured under a vacuum of
~1.0 Pa using a JASCO FT/IR-660Plus instrument. The resolution and the cumulative
number of measurements were 4 cm™' and 512 cycles, respectively.

To evaluate the electrical properties of the vapor-deposited OUA11 films,
Al/OUAT11/Al capacitors were fabricated. Both top and bottom Al electrodes were vapor-
deposited by thermal evaporation technique; the thickness was maintained at a constant of
100 nm in each case. The dielectric spectra were measured by applying an AC voltage of
0.1 V under a vacuum of 5 x 102 Pa. The measured frequency were 0.01 to 10° Hz and the
temperature range were 25 to 123 °C. The dielectric spectra measurement system was
constituted from a solartron dielectric interface 1296 and an impedance analyzer 1260 by
TOYO Corporation.

RESULTS AND DISCUSSION



Thermo-physical properties of OUAI 1

Fig. 1 shows the TG curves of PUA11 and OUA11 powder samples at a heating rate
of 5 °C/min under a vacuum of 5 x 10 Pa. The TG curve of PUA11 exhibits a one-step
weight loss, starting at a temperature above 300 °C and ending at a temperature of 360 °C.
This indicates that the thermal decomposition of PUA11 molecules [29,30] happened
within the temperature range of 300-360 °C. In contrast, the TG curve of OUA11 exhibits
three steps of weight loss. In the first step, the weight of OUA11 gradually decreases
between 110 and 220 °C. It continues to decrease slowly with increasing temperature until
up to 300 °C in the second step, and third, the weight of OUA11 drastically decreases
above 300 °C. This probably indicates that the first step of weight loss can be attributed to
the sublimation of low molecular weight components in the original powder sample. The
second weight-loss step can be attributed to the sublimation of the remaining high
molecular weight components. The molecules are evaporated in this step to form the vapor-
deposited OUAT11 films. The third weight-loss step is observed above 300 °C, indicating
the thermal decomposition of OUA11 molecules. The two TG curves at ~350 °C are
coincident, which indicates the thermal decomposition of OUA11 and PUA11. If the
weight loss means the sublimation, the two temperatures should be different due to the

molecular weight.
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Fig. 1 TG curves of PUA11 (black line) and OUAL11 (red line) at a heating

rate of 5 °C/min under a vacuum of 5 x 107 Pa.
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Fig. 2 DSC curves of the vapor-deposited OUA11 films (blue line) and the

powder sample (green line) at a heating rate of 10 °C/min.

Subsequently, the thermal property of the original powder OUA11 sample is
compared with the OUA11 films vapor-deposited at 230 °C following the second step of
the TG curve. Their DSC curves are shown in Fig. 2. The vapor-deposited film exhibits a
single endothermic peak, while the powder sample shows several peaks. The powder
sample consisted of molecules with various polymerization degrees, i.e., n = 2—12; thus, the
several peaks in the DSC curve indicate the melting points corresponding to each molecular
weight. In the DSC curve, the presence of only one peak suggests that the vapor-deposited
OUAL11 films are formed with a selectively high molecular weight. Therefore, the TG and
DSC results suggest that the OUA11 sample can be refined by vacuum deposition and the
vapor-deposited OUA11 films should be evaporated between 220 and 300 °C, that provides
the less components i.e., the relatively narrow molecular weight distribution, than the
powder sample.

Structural analysis of OUAI 1 films

The AFM images and the XRD patterns of the vapor-deposited and spin-coated
OUAT11 films are shown in Fig. 3. The vapor-deposited films are covered by a stiff
rectangular-like structure with a height of 40-50 nm and a width of 700-800 nm [Fig. 3(a)].
The structure of the same size is uniformly formed on the substrate. In contrast, the spin-
coated OUA11 film has many small grains, which are tinier and rounder than the structure

of vapor-deposited films. The average roughness was calculated to be 25.6 nm on the



vapor-deposited films and 6.05 nm on the spin-coated films. Moreover, the XRD patterns
of the vapor-deposited OUA11 films have sharper peaks than those of the spin-coated films
[Fig. 3(c)]. This indicates that the vapor-deposited OUA11 films are highly crystalline films
and that the rectangular-like structure is the crystal grain, of which the size is estimated to
be 39.4 nm according to the Scherrer equation [31]; this grain size is consistent with the
grain height observed by the AFM images. The three XRD peaks of the vapor-deposited
films have lattice spacings of 0.867, 0.437, and 0.293 nm; however, these peaks do not
appear for the spin-coated OUA11 films and the powder OUA11 sample. The peaks of the
spin-coated films and the powder sample are in good agreement with the lattice spacings,
which are estimated using the expected lattice constants (a, b, ¢ = 0.48, 0.56, 1.75 nm and
a, B, y=49, 77, 63°) [15,32,33]; the peaks at 20 = 6.95° (1.27 nm), 21.1° (0.421 nm), and
23.4° (0.380 nm) correspond to the (001), (100), and (010) reflections, respectively.
Meanwhile, the lattice spacings of the vapor-deposited films, i.e., 0.867, 0.437, and 0.293
nm, are equivalent to a half, a quarter, and a sixth of the length of the ¢ axis (1.75 nm),
respectively. This means that the molecular chains of the vapor-deposited films have been
oriented perpendicularly to the substrate and have formed the highly crystalline thin films.
In addition, we expect the vaper-deposited OUA11 films have formed a metastable state,
whose molecular chains are perpendicularly aligned to the substrate, and the metastable
state is not included in the stable state of OUAT11. This is one of the reasons why the urea
oligomers used in this work should show a stable triclinic state because the powder XRD
pattern corresponds to the urea polymer, previously reported as the triclinic state [15, 32].
The other reason is that the metastable state of the vapor-deposited films cannot maintain at
around 120 °C, e. g. the all XRD peaks of the vapor-deposited films disappeared after the

annealing at 120 °C for 60 min under a nitrogen atmosphere. The metastable state of the
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Fig. 3 Tapping mode AFM images of (a) vapor-deposited and (b) spin-coated OUA11 thin
films. (c) XRD patterns of vapor-deposited (blue line), spin-coated (red line) OUAT11 films,
OUAI11 powder (green line) and PUA11 powder (black line).

vapor-deposited OUA11 films in this work may be unique because the vapor-deposited
nylon-11 films [28] are similar materials that show the XRD patterns of the vapor-
deposited films correspond to the powder sample.

The FT-IR RAS spectra of the vapor-deposited and the spin-coated OUA11 films
are shown in Fig. 4(a). The distinctive peaks of the vapor-deposited films are consistent
with the spin-coated films. The spectrum of our vapor-deposited OUA11 films exhibits
only peaks attributed to the urea oligomer; no peaks attributable to the degradation (2200—
2300 cm™) are observed. Previous studies have reported that isocyanate or nitrile groups are

observed, while the urea groups are thermally decomposed and polymerized in vacuum
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Fig. 4 (a) FT-IR RAS spectra of vapor-deposited (blue line) and spin-coated OUA11 films (red
line). FT-IR RAS and transmission spectra of the vapor-deposited films (b) in the urea bond

vibration region and (c, d) in the others vibration region.

[7,28,34]. Regarding the determination of molecular orientation in the vapor-deposited
OUAI1 thin films, the transmission and the RAS method have been used [Fig. 4(b,c,d)].
The N—H bending mode at 1588 and 724 cm!, the CH» wagging mode at 1326, 1160 and
930 cm’!, the CH» twist mode at 1310 cm™!, the C—H bending mode at 1288 cm’!, and the
C—C antisymmetric stretching mode at 1072 cm™ are parallel to the molecular axis
[2,18,35-40]. These peaks are observed in the RAS spectra and lost in the transmission
spectra, which indicates that the orientation of the molecular chains in the vapor-deposited
OUAI1 films is perpendicular to the substrate, in good agreement with the XRD results. In

contrast, the difference between the transmission and RAS spectra of the spin-coated
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OUAL11 films could not be confirmed. This is probably because the orientation of the spin-
coated films becomes random or parallel to the substrate (Fig. S1). Fig. S1 in the
supplementary material shows the FT-IR RAS and transmission spectra of the spin-coated
OUAL1I films (a) in the urea bond vibration region and (b) in the alkyl chain vibration
region.
QUA1 film characteristics, Surface hardness and Dielectric properties

The surface hardness of vapor-deposited OUA11 films is measured using a pencil
hardness test (ISO 15184). The hardness is estimated to be 9H, which is incredibly high and
well above the usual measuring range (~6H). The high hardness of the vapor-deposited
films is probably caused by the high crystallinity and the rigid intermolecular hydrogen
bonds in the vapor-deposited OUA11 films. Generally, organic thin films are fragile, soft,
and weak; thus, the high hardness of the OUA11 vapor-deposited films in this work could
overcome this limitation, and they are expected to have wide applications as protective

coatings.
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The dielectric spectra of the vapor-deposited and spin-coated OUA11 films
measured under a vacuum of 5 x 10 Pa are shown in Fig. 5. The relative dielectric
constants of the vapor-deposited and spin-coated films were estimated to be 2.1-2.3 and
2.4-2.9 in the frequency range of 0.1 Hz to 0.1 MHz at 25 °C, respectively. Both the
dielectric constants of vapor-deposited and spin-coated films are comparable to those of
typical small dielectric constant (low-k) materials, such as polyethylene (2.3-3.0) [41,42],
polytetrafluoroethylene (2.1-3.0) [42—44], polyimide (3.0-5.0) [42,45], and SiO2 (3.9-4.3)
[41,43]. This reveals that the OUAT11 thin films behave like low-k materials; moreover, the
dielectric constant of vapor-deposited films did not change even at 50 °C, indicating a good
thermal stability. The dielectric constant at low frequencies increases with increasing

temperature, indicating that the thermally activated impurity charges behave like leakage
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Fig. 5 Relative dielectric constant and dielectric loss factor of (a) vapor-deposited (filled
symbols) and (b) spin-coated (open symbols) OUA11 films measured by applying an AC
voltage of 0.1 V under a vacuum of 5 x 10~ Pa. Insets show the relative dielectric constant at

25 and 50 °C.
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components in the OUA11 films; moreover, the dielectric constant of the vapor-deposited
films has a lower value (> 80) than that of the spin-coated films (> 1000) at 0.01 Hz and
123 °C. This means that the vapor-deposited films were protected from contamination due
to the solvent and the use of a selectively high molecular weight. Above 105 °C, the peaks
of dielectric loss, i.e., the dielectric relaxation, in the spin-coated films shift to higher
frequencies with increasing temperature. The growth of the loss peaks suggests that the
molecular dipoles of OUA11 films were activated with increasing temperature. The
molecular orientation in the spin-coated films might be in a random state, and thus, the
component of the dipoles perpendicular to the electrodes causes peaks to appear in the
dielectric relaxation. At room temperature, urea groups form strong hydrogen bonds, which
probably inhibit the fluctuation of dipoles. High temperatures cause the relaxation of
hydrogen bonds and promote the fluctuation of dipoles. For the vapor-deposited OUA11
films, we did not observe any peak of dielectric loss even at high temperature. The out-of-
plane dielectric constant of the vapor-deposited OUA11 films showed a significantly lower
value, even though the in-plane constant parallel to the direction of the urea dipoles is
expected to be high. Using an in-plane electrode, e.g., a comb type, the electrical properties
of highly oriented dipoles can be exploited, and the perpendicular OUA11 films can be
applied in various electronics fields.

A schematic of the vapor-deposited OUA11 films is summarized in Fig. 6.
According to the experimental results, the vapor-deposited films are composed of
perpendicularly oriented molecular chains to the substrate. The molecules included the
dipoles due to the urea groups, which are parallel to the substrate and form the
intermolecular hydrogen bonds. The vapor-deposited films have been shown to have a
superior surface hardness and thermal stability of dielectric properties. Furthermore, the
vapor-deposited films have a high crystallinity and are obtained with an out-of-plane lattice
spacing along c axis. The unique film structure could not be observed with spin-coating,

and it is a structure specific to the vapor-deposited films.
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Fig. 6 Schematic of the vapor-deposited OUA11 films based on the experimental results.

Conclusion

The single OUAT11 thin films were fabricated by physical vapor deposition, and
their film structure and electrical properties were investigated. For TG experiments under
vacuum, the weight loss of OUA11 proceeds in three steps, and the few components with
the narrow molecular weight distribution selectively evaporated in the second step form the
vapor-deposited OUA11 films. The crystallinity of the vapor-deposited films was higher
than that of the spin-coated films, and the crystal size of the vapor-deposited films was 39.4
nm, which is identical to the height of the grains in the AFM images. However, the
diffraction peaks of the vapor-deposited films could not be readily interpreted in terms of
the known lattice constants of OUA11 powder, but they corresponded to the ¢ axis, i.e., the
molecular chain direction. The vapor-deposited OUA11 molecular chains oriented
perpendicularly to the substrate, and the films were formed without thermal decomposition
for FT-IR spectra. The vapor-deposited OUA11 films showed an incredible surface
hardness of 9H because of the high crystallinity and the rigid intermolecular hydrogen
bonds. Moreover, the dielectric spectra of the vapor-deposited films suggested that the
dipoles of OUA11 were oriented parallel to the substrate because the dielectric constant of

the vapor-deposited films was lower than that of the spin-coated films at 123 °C. No peaks

14
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of dielectric loss were found for the vapor-deposited films due to the molecular dipole
relaxation. The perpendicular vapor-deposited OUAT11 films were expected to be low-k
materials with a low dielectric constant (2.1-2.3) in the frequency range of 0.1 Hz to 0.1
MHz below 50 °C. The unique structural and electrical properties could not be observed
with the spin-coated sample but were found with the vapor-deposited OUA11 sample.
SUPPLEMENTARY MATERIAL

See supplementary materials for FT-IR RAS and transmission spectra of spin-
coated OUAL11 films (a) in the urea bond vibration region and (b) in the alkyl chain
vibration region.
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